The core-ionization spectra of mixed Be-Mg clusters are computed by accurate ab initio methods. They are found to exhibit a variety of strong and unexpected effects originating from the presence of neighboring atoms of the same ͑native͒ or the other ͑foreign͒ element. The spectra reveal unusually low-lying intense satellites and the band shapes are sensitive to the local environment of the core-ionized atom. Foreign and native screening processes compete with each other resulting in specific spectral features which uniquely characterize the clusters.
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The ionization of core levels is known to be accompanied by excitation processes manifesting themselves in satellite structures of the spectra. Normally, a core-ionization spectrum consists of an intense lower-energy line, which is referred to as the main line, and relatively low-intensity satellites ͑shake-up and shake-off͒ which form structures at higher energies. In typical molecules satellites may acquire ϳ20% of the total spectral intensity and appear some 10 eV above the main line. In some special cases shake-up satellites can appear below the main line. Such satellites are referred to as the negative shake-up 1 or shake-down. However, to our knowledge there are no examples of such shake-down satellites in core-level spectra of molecules and, in general, corelevel spectra of typical molecules do not exhibit markedly intense low-lying satellites. In contrast, the core-level spectroscopy of solids provides many examples of spectra which exhibit intense low-lying satellites, for example the giant satellites in molecule/d-metal adsorbates 2 ͑see also Ref. 3 and references therein͒. Some rare-earth compounds also possess core-level spectra with strong low-lying satellites 4 ͑see also Ref. 5 and references therein͒. Similarly, marked satellite structures are observed in the core spectra of some 3d metal oxides ͑including high-temperature superconductors͒. 6 It is noteworthy that all these examples are spectra of d-and f-element compounds.
In the present communication we report on unexpectedly strong relaxation and correlation effects in the core-level spectra of light sp element compounds. Our ab initio calculations on the core ionization of mixed Be-Mg clusters reveal various many-body effects. Among them are the appearance of intense shake-up and even shake-down satellites, and the breakdown of shake-up satellites. All these effects are unusually sensitive to the local environment of the core-ionized atom, i.e., to the number and chemical nature of the neighboring atoms. While such coordination-dependent effects are present in both the Mg2s Ϫ1 and the Be1s Ϫ1 spectra, it is in the latter that they are most spectacular and these we shall therefore illustrate in greater detail. Core-level spectroscopy of clusters is a relatively young field. Being local in character core-level spectroscopy allows the study of cluster-specific properties in a most natural way by comparing core-level spectra of clusters with those of their constituent units ͑atoms or molecules͒. Measurements of core-level spectra of atomic 7 and molecular clusters 8 indeed revealed changes in the spectral band shapes and absolute energy positions compared to the respective atomic ͑mo-lecular͒ spectra. For clusters with nϽ150 monomer units the overall changes are, however, modest. For example, the N1s→1 g * excitation energy of the (N 2 ) n clusters differ by only 6 meV from that of the N 2 molecule. One should note that the experimentally studied Ar n and (N 2 ) n clusters are very weakly bound systems and, therefore, these findings are not unexpected. The results reported in this communication are, in contrast, very surprising: the Be-Mg clusters are also weakly bound systems, but their spectra differ dramatically from the atomic Be1s Ϫ1 spectrum. The spectrum of BeMg, which has a binding energy of only 0.05 eV, exhibits the strongest response to the Be1s core ionization, manifesting itself in the appearance of an intense shake-down satellite. The shift in ionization energy of the lowest-energy line in the spectra of the clusters with respect to the atomic case is quite large and ranges from 2.5 eV for BeMg to 6.3 eV for BeMg 4 .
This remarkable difference among the spectra of the clusters and of the constituent atoms enables the experimental detection of the cluster effects in the core-ionization spectra. Even if the experiment is performed without a particularly high size-selectivity of the clusters, one may observe spectral features associated with core ionization of different types of mixed clusters. Our results may be of relevance also for surface science. Indeed, the clusters can be thought of as models of local changes in one of the metals caused by the impurity of the other. They also can be considered as models of adsorption of one metal on a surface of the other.
We have calculated the Be1s Ϫ1 core-ionization spectra of BeMg n and MgBe n clusters (nϭ1 -4). The geometries ͑see Fig. 1͒ have been optimized in 4th order Møller-Plesset many-body perturbation theory with the 6-311ϩ ϩg(3d f ,3pd) atomic basis. 9 Core-ionized states were computed using the ab initio one-particle Green's function method within the algebraic diagrammatic construction scheme consistent through fourth order in the Coulomb interaction ͑GF ADC͑4͒͒. 10 The method has been extensively re-implemented in an integral-driven code that has enabled us to handle the bigger systems, where the explicit GF matrix would haven been too large. The Hartree-Fock orbitals and their energies used as the input data for the GF ADC͑4͒ method have been calculated using the GAMESS-UK package 11 with the 6-311g* atomic basis. 12 This mediumsized basis was used to make technically possible the calculations on the five atomic clusters. The quality of the basis set was assessed by performing calculations for the small BeMg system with both the 6-311g* and the 6-311ϩ ϩg(3d f ,3pd) basis. The results are almost identical in both cases.
All the spectra we shall discuss are reported in Fig. 1 . Let us start the discussion with the core ionization spectrum of the Be atom. As we see in the figure, the first visible satellite appears in the spectrum at an energy as high as ϳ10 eV above the main line. Coordination of one Mg atom to Be changes dramatically the spectrum. Instead of an isolated main line seen in the atomic spectrum at low energies, there appear, in the spectrum of BeMg, two lines with comparable intensity. Increasing the number of Mg atoms in the cluster results in further significant changes in the Be1s Ϫ1 spectrum: the spectrum of BeMg 4 is very different from both the atomic spectrum and the spectrum of BeMg. It is interesting to note that, by increasing the number of Mg atoms, the position of the lowest-energy line in the spectra moves gradually to lower energies, approaching the vacuum-level ionization threshold of metallic beryllium ͑115.6 eV͒.
What we have just briefly described are the spectra of a Be atom coordinated to atoms of a ''foreign agent'' ͑Mg͒. The features observed in the spectra arise therefore, from such foreign coordination effects. An example illustrating the situation where both foreign and ''native'' coordination effects ͑coordination to other Be atoms in our case͒ are active is provided by the spectrum of the MgBe 4 cluster. As we see in the figure, at low energies the spectrum consists of four distinct and intense peaks. It is thus eye-catching from Fig. 1 how greatly sensitive are the spectra to the local environment of the core-ionized atom.
Our finding that there are very strong low-lying satellites in the core-level spectra of light sp-element molecular compounds is surprising by itself. It is the first observation of this kind. Also surprising is the fact that the Be1s Ϫ1 spectra of the clusters differ substantially from the atomic spectrum. Indeed, the clusters studied are weakly bound systems characterized by rather large interatomic distances and one would, therefore, expect to see only little difference between their core-level spectra and that of the atom. This viewpoint is partly supported by the available experimental studies where the electronic structures in the core-level spectra of weakly bound ''small'' Ar n ͑Ref. 7͒ and (N 2 ) n ͑Ref. 8͒ clusters have been shown to differ only marginally from the spectra of their elemental units ͑Ar atom and N 2 molecule, respectively͒.
Let us now discuss the physics which is behind our results. We begin with the smallest BeMg cluster. In contrast to the atomic spectrum where the lowest-energy line can be unambiguously attributed to the main state, such an assignment cannot be done for the lines in the spectrum of BeMg. The two strongest lines in the spectrum, one of which is the lowest-energy line, have comparable intensities, signalling a breakdown of the quasiparticle picture of core ionization. Such a phenomenon is common for inner valence ionization of molecules 13 and for core ionization of some molecule/ metal adsorption systems ͑see Ref. 3 and references therein͒, but is hitherto unknown for core levels of molecules and clusters. As is customary, we denote the line with the largest intensity as the main line and less intense lines as satellites. In this scheme the lowest-energy, strong line and the second, weak line in the Be1s Ϫ1 spectrum of BeMg are shake-down satellites, whereas the third, intense, line is the main line. The main physical mechanism responsible for the appearance of the shake-down satellites as well as for the breakdown of the quasiparticle picture of core ionization in BeMg is a charge transfer ͑CT͒ mechanism. A valence electron is readily transferred from the Mg site to the core-ionized Be site and screens the core hole. One can characterize the charge transfer mechanism by analysing the Be1s coreionized states at the limit of noninteracting atoms ͑dissocia-tion limit͒. At the dissociation limit the two lowest-energy core-ionized states are dominated by configurations where the valence 3s electron of Mg is transferred to the unoccupied 2p orbital of the core-ionized Be atom. This 2p electron on Be couples to the remaining core electron to give rise to two intermediate states on Be, a singlet and a triplet. The resulting doublet CT states are at 1.62 and 0.36 eV below the main state which is dominated by the Be1s Ϫ1 configuration. Thus they are clearly shake-down satellites. At large Be-Mg distances these satellites do not acquire intensity because their coupling to the main configuration is negligible. At smaller distances the coupling between the main and CT configurations becomes stronger and they mix with each other in the final core-ionized states. As can be seen in Fig. 1 this mixing is substantial.
At first glance one would expect that the Mg→Be charge transfer becomes more efficient when the number of Mg atoms coordinated to Be increases. Indeed, in the case of BeMg there is only a single CT channel associated with the Mg atom and more CT channels are available when increasing the number of Mg atoms in the cluster. What actually happens, however, is that the charge transfer screening in the BeMg n (nϭ2,3,4) clusters is considerably suppressed compared to the case of BeMg, as is apparent in Fig. 1 . The lowest-energy line in the spectrum of BeMg 4 is the main line and the intensity of the satellites is obviously smaller than that in the spectrum of BeMg. The explanation of this behavior has to do with the Be-Mg distance and the fact that in BeMg 4 this distance ͑4.659 a.u.͒ is much shorter than in BeMg ͑6.315 a.u.͒. Calculations we have performed on BeMg show that the energy gap between the CT and main configuration depends sensitively on the interatomic distance. Going from the dissociation limit to smaller distances the gap decreases and, down to a distance of ϳ6 a.u., the intensity of the above mentioned two shake-down satellites increases. At R Be-Mg ϳ6 a.u. there is a crossover between the CT and the main configuration, and at even smaller distances the CT states appear in the spectrum as shake-up satellites above the lowest-energy main line. Further decreasing the Be-Mg distance increases the energies of the CT satellites relative to the main line and hence decreases their intensity. Moreover, the intensities of the main line in the spectra of BeMg obtained at the equilibrium Be-Mg distances of BeMg 2 , BeMg 3 and BeMg 4 are very close to the respective values in the spectra of these clusters. Of course, the finer structures in the spectra of the BeMg n clusters differ from those of BeMg computed at their equilibrium distances, but it is clear that a main factor controlling the strength of the CT screening in the spectra of the BeMg n clusters is the length of the Be-Mg bond.
Obviously, the Be1s Ϫ1 spectra of the BeMg n clusters exhibit only foreign coordination effects. Both foreign and native coordination effects are present in the spectra of the MgBe n clusters. In the case of MgBe n the Be1s core ionization process can approximately be thought of as involving two sets of competing processes. One of them is related to the native screening processes occurring in the shell of the Be atoms and the second one comprises all foreign screening processes mediated by the Mg atom upon creation of a core hole in the Be shell.
A most interesting example of an interplay between the native and foreign screening processes is provided by the MgBe 4 cluster. As is seen from Fig. 1 the spectrum exhibits very strong and pronounced satellite structures in the energy region from 2 to 6 eV above the main line. The satellites B, C and D consist of very many lines with individual intensities which do not exceed 0.06 ͑having normalized to unity the total intensity of the spectrum͒. This phenomenon is similar to the breakdown of shake-up satellites reported for chemisorption systems in Ref. 14. The Be-Mg distance in this cluster is 5.281 a.u. The distance between the Be atoms, however, is as large as 8.626 a.u. and it is clear that, at this large distance, the Be1s Ϫ1 spectrum of the Be 4 fragment without the Mg must resemble to a large extent the spectrum of a Be atom. On the other hand, the spectrum of a diatomic BeMg computed at the Be-Mg distance of MgBe 4 exhibits structures which can be unambiguously related to the structures A, B and D in the spectrum of MgBe 4 . The intensities of the B and D peaks in the spectrum of MgBe 4 are very close to those in the spectrum of the BeMg unit, while the intensity of peak A differs considerably: The missing intensity is exactly equal to the intensity of peak C in the spectrum of MgBe 4 .
From the above observations, the following picture of core ionization of MgBe 4 emerges. The ionization of a cluster of four Be atoms located in the same positions they occupy in the MgBe 4 system, results in a spectrum whose band shape is virtually a replica of the atomic Be1s Ϫ1 spectrum. The main peak in the spectrum of Be 4 consists of several closely spaced lines, which appear because of the weak interaction between the nearly degenerate Be1s Ϫ1 and Be →Be CT configurations. Placing a foreign agent ͑Mg atom͒ in the center of the Be 4 cluster provides an efficient charge transfer screening channel which strongly perturbs the Be1s Ϫ1 core-ionized states. In contrast to the Be→Be native charge transfer configurations, which are weakly coupled to the Be1s core hole, the coupling of the Mg→Be CT configurations to the core hole is strong. Due to this strong coupling the main state is split off the Be 4 main peak and becomes peak A in the spectrum of MgBe 4 . The Mg→Be CT configurations themselves, on the other hand, give rise to the strong satellite structures B and D. This splitting mechanism is similar to the known valence-band splitting in metals in presence of an impurity. While the physical origin of the B and D satellites is clear, the origin of the satellite C is less evident. Indeed, it cannot be due to the native Be→Be charge, nor to energy transfer processes, because the coupling of the respective configurations to the Be1s core hole is very weak ͑they cannot, therefore, directly borrow the intensity from the main line͒. Neither can it arise from doubly excited states which are energetically situated in the region of the peak C. These states cannot acquire significant intensity because their coupling to the core hole appears only in second order of the Coulomb interaction. A detailed analysis of the satellites in the spectrum of MgBe 4 will be published elsewhere 15 but here we just note that the peak C in the spectrum of MgBe 4 is a fingerprint of the core ionization of the Be shell itself.
According to our calculations the main physical process responsible for the appearance of the strong low-lying satellites in the Be1s spectrum of BeMg are considerably suppressed compared to the case of the Be1s ionization. Of course, the equivalent core model cannot predict relative energies and intensities of satellites but it can be used to estimate general trends in the core-level spectra of weakly bound clusters using the known valence ionization energies of the constituents.
To summarize, we have found very strong many-body effects in the spectra of the MgBe n and BeMg n (nϭ1 -4) clusters. Foreign and native screening processes compete with each other upon the Be1s core ionization of the MgBe n clusters giving rise to spectra which are very sensitive to the local environment of the atom where the core hole was created. The strength of the charge transfer screening in the core-level spectra of the presently studied clusters composed of closed-shell atoms is similar to that found in the spectra of those d and f element compounds known to be strongly correlated systems. In contrast to the d and f element compounds which are very difficult systems for an accurate theoretical treatment, the clusters can be studied ab initio with a rather high level treatment of electron correlation. The results obtained are general for the class of weakly bound clusters. The above discussed equivalent core analysis shows that low-lying satellites are expected to appear in the spectra of various mixed clusters built of Group IIa metals, e.g. in CaMg. Our findings may be of relevance not only for cluster science but also for surface science. Indeed, the clusters can be considered as models of different adsorption situations ͑different sites of the Be adsorption on a surface of Mg or the Mg adsorption on Be͒. The MgBe 4 and BeMg 4 clusters can be considered as models of Mg buried under surface layers of Be, and the Be buried under surface layers of Mg, respectively. The present results suggest that the the experimental investigation of Be adsorbed on Mg should be extremely interesting. Depending on the concentration of adsorbed Be atoms one can observe a competition between foreign and native coordination effects which should be reflected in the Be1s Ϫ1 spectral band shapes.
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